Abstract
Background
Malaria is a preventable, diagnosable and treatable disease. With innovation and roll out of interventions there are fewer people dying from malaria now than in any other historical period. During 2015, there were an estimated 214 million cases of malaria and an estimated 438,000 deaths (range 236,000-635,000) globally [1] . Following declarations at the malaria Forum in 2007 convened by the Bill & Melinda Gates Foundation (BMGF), and later endorsed by the World Health Organization (WHO), the international community has embraced the goal for scaling up malaria control to regional elimination and the ultimate goal of global eradication. Today, there is on-going malaria transmission in 97 countries; twenty-six of these countries are in the 'pre-elimination' , 'elimination' or 'prevention of re-introduction' stages and four countries have been WHO certified malaria-free [2] . Based on reported data, in the Region of the Americas, reductions in incidence of >75 % in malaria cases were reported in 13 out of 21 countries with ongoing transmission between 2000 and 2012. Although Brazil has achieved an important reduction of malaria transmission, it still accounts for 41.7 % of malaria in the Americas [3] .
After the World Malaria Eradication Campaign, implemented in Brazil in the 1960s, the most successful achievement was malaria elimination outside the Amazon. Since then, transmission has been almost entirely restricted to the Amazon, with periods of epidemics occurring in parallel with increasing migration to the region, in part enhanced by development projects subsidized by the government, such as building of roads and the creation of a tax-free industrial zone in Manaus [4] . From 1992 (the Amsterdam Conference) to 2000, Brazil has achieved the goal of reducing substantially the percentage of Plasmodium falciparum infections and, therefore, the number of hospitalizations and deaths [5] . Since 2000, an expansion in the financing and coverage of the National Malaria Control Programme (NMCP) has led to a wide-scale reduction in malaria incidence and mortality, with considerable shrinkage of the malaria transmission area towards the Western Amazon region, fostering the expectations for planning for elimination in the near future [6] .
In the context of malaria elimination, Plasmodium vivax has been receiving increasing attention due to the perception of a greater difficulty to achieve its control as compared to P. falciparum [7] , with estimated 2.48 billion people living at risk of infection [8] . Relapses arising from hypnozoites in the liver are a common feature of P. vivax malaria. These can occur weeks to years after the initial infection and place further health burdens on those affected. Studies from Brazil showed relapse rates ranging from 14 to 40 % [7] [8] [9] , thus providing an important source of reinfection [10, 11] and hampering malaria control. Relapse prevention requires chemotherapy with primaquine that targets the latent liver stages of P. vivax [12] .
Detailed community-based data, including age patterns, incidences and seasonality, are needed not only for a better understanding of the problem and possibilities of control and elimination, but also to have baseline data to substantiate future interventions, such as vector control, mass drug administration or eventually vaccines. This work aimed to describe the epidemiology of malaria in an endemic area in the surrounding areas of Manaus (Brazil), in the Western Brazilian Amazon, including the risk factors for incidence and recurrent parasitaemia in this endemic area.
Methods

Study sites
The Municipality of Careiro is located in the central region of the Amazonas State (Western Brazilian Amazon) (03°06′ S; 60°01′ W), 112 km from the capital of the state, Manaus. The estimated population in 2010 was 32,734 people, mainly living in rural areas (71.2 %). The main economical activity is related to agriculture (cassava, fruits, vegetables, rice, and sugar cane), cattle breeding, fish-farming, and forestry. These activities have resulted in a decrease in vegetation cover and habitat fragmentation. The remaining vegetal cover is primarily composed of dense macrothermic ombrophilous forest. The climate according to Köppen classification is Af (super-humid equatorial), with a mean pluviometric precipitations above 2000 mm per annum, average temperatures ranging from 26 to 30° C, and relative humidity between 85 and 90 %. A rainy season occurs from November to April, with an average monthly rainfall of 290 mm in this season and a peak in February (390 mm); a dry season occurs from May to October, with an average monthly rainfall of 110 mm in this season and lowest values in September (45 mm). Mean temperature in the period values were 27.6 and 26.9 °C in the dry and rainy seasons, respectively [13] .
Two areas devoted to agriculture were chosen (Panelão Community, a rural settlement, and Castanho Sítio, consisting of ranches along the Manaus-Porto Velho road), with a total population of 821 persons (census performed immediately before the beginning of the study). The two areas were established in the 90 s and present a profile of relative low migration and similar environmental, socio-economical and demographical features. These characteristics, linked to the easy access from Manaus, determined in selecting these study areas. Official surveillance shows that malaria is moderately transmitted in the communities, with notable seasonality, which is characterized by higher transmission intensity in the dry season, when temporary breeding sites form on the river margins [4] . Before 2004, P. vivax and P. falciparum presented similar incidence rates in the area; from 2004 on, P. vivax predominates (Additional file 1: Figure  S1 ). Breeding sites for anophelines are common in the surrounding areas and Anopheles darlingi is the major malaria vector in the communities [14] . The study area is presented in Fig. 1 .
The study villages were served with community microscopists of local malaria diagnosis and treatment units (Fig. 1) . As a national policy, a blood smear is collected for all febrile cases suspicious of malaria and information is registered using a standardized malaria surveillance system. Blood slides are read immediately and if the slide is positive anti-malarial treatment is provided by the health worker to the patient.
Data retrieval
A prospective cohort study was carried out for 24 months. Before the start of the study (June 2008) , the whole population of the areas was submitted to a preliminary census. At this moment the community was sensitized, informed about the study and invited to participate. Follow-up of study participants was done through crosssectional surveys and passive case detection at the health posts for the entire duration of the study. In total the team conducted one visit for census and sensitization and cross-sectional surveys every 6 months. For malaria patients reported in the study, first-line treatment recommended by the Brazilian Ministry of Health to P. vivax malaria (chloroquine for 3 days and primaquine for 7 days) and for P. falciparum (artemether plus lumefantrine for 3 days and primaquine on the 1 day) were prescribed [12] .
Active follow-up
Visits in the cross-sectional surveys included a clinical history, a physical exam and blood sampling. A finger prick blood sample (≈200 µL) was collected to prepare two blood smears for detection of Plasmodium infection. Information was recorded on standardized forms. Blood slides were read at the health post within 24 h and both symptomatic and asymptomatic patients with a positive thick blood smear detected during the cross-sectionals were treated by the study team and/or referred to the local hospital. 
Passive case detection
For the purpose of this study, blood was collected to prepare two slides from all patients presenting with fever or symptoms compatible with malaria, for individuals assisted at the diagnosis and treatment units or at the home visits. Following the normal routine of the health service of the communities, one blood slide was read immediately and if the slide was positive anti-malarial treatment was provided by the health worker to the patient. Information was registered in a CRF by the community health workers and microscopists. The second slide collected was labelled with the study code and taken to Manaus, where it was reviewed by two microscopists to confirm diagnosis and for parasite density determination. Malaria surveillance standardized forms included demographic data, clinical characteristics of the patient and parasitaemia results. These forms were sent to Manaus on a monthly basis, where they were entered into databases by two independent data clerks in an OpenClinica ® online platform.
Malaria diagnosis and definitions
For all study participants, thick blood smears were prepared as recommended by the Walker technique [15] and evaluated by a local microscopist. The slides were then sent to Manaus and reviewed by an experienced microscopist, who confirmed diagnosis. Parasitological results were confirmed by RT-PCR [16] . A calibrated clinical examination was made in all subjects submitted to thick blood smears examination in the health post. Data on the presence of fever, headache, chills, myalgia, weakness, sweating, abdominal pain, anorexia, nausea, cough, diarrhoea, vomiting, nasal flaring (only in children <10 years), crackles, wheezing or ronchi, pallor, dehydration, oedema and jaundice were recorded. At this moment, patients were asked also if they took antimalarials in the last 30 days.
Statistical analysis
The incidence rates of Plasmodium-specific malaria were calculated by dividing the respective number of episodes by the total person-years at risk in the moment, obtaining overall and group-specific rates and respective survival curves using Kaplan-Meier method. For describing the monthly incidence of malaria and positivity rates, all slides performed at each calendar month were combined to allow the calculation of monthly incidence of cases per species and the slide positivity rate, obtained by dividing the malaria positive cases by the total of fever cases that had a blood slide performed. Confidence intervals were obtained using the quadratic approximation to the Poisson log likelihood for the log-rate parameter as described in the Stata software manual.
Malaria distribution was analysed with a kernel density estimator using the spatial analyst tool from ArcGIS 10.1 (ESRI, California, USA). Incidence of disease per dwelling was used as population field. Output cell size and search radius were set to 0.00079 and 0.0066, respectively.
Univariate and multivariate analyses of factors associated with the incidence of malaria (specific and per-species) were performed by comparing the parasite-specific incidence rates of malaria episodes between groups using a negative binomial regression model with robust standard error to account for clustering by individual. The investigation of factors associated with recurrence of P. vivax and P. falciparum malaria within 90 days of a previous episode was analysed using univariable and multivariable Cox-Proportional Hazard models, with robust standard errors. 
Ethics approval
Results
Study population
The census performed before the beginning of the study (Fig. 2) . Subjects included were mostly males (57 %). The most frequent age groups were 15-35 years old (28 %) and 5-15 years old (27 %). Ethnically, people are mostly admixed (98.7 %). In relation to education, subjects had mostly elementary school (68 %). Farmer/fisher was the most common occupation in the area (39 %) ( Table 1) . A total of 3131 episodes of fever were assessed in the period, respectively 1839 in year 1, 956 in year 2 and 336 in year 3.
Malaria burden
Prevalence of malaria was higher at T0 (7.0 %), dropping to 1.5 % at T6. From T0 to T24, malaria prevalence presented a decreasing trend, with a point prevalence of 0.2 % at T24. Plasmodium falciparum infections were recorded only at T0 (1 %) and T6 (0.5 %). Plasmodium vivax was responsible by 87.1 % of all infections observed in the cross-sectional evaluations (Fig. 3) .
In total, 550 malaria episodes were registered in the period, 408 in the first year, 120 in the second and 22 in the third, yielding rates of 847, 150 and 41 episodes/1000-person-year, respectively. The number of episodes per individual in a given year varied from one to seven (maximum of three for P. falciparum), and among individuals presenting vivax malaria in the follow-up, 20.4 % had more than one episode. In overall, P. vivax malaria incidence decreased from 22.1 to 7.9 % and P. falciparum malaria incidence decreased from 14.1 to 0.6 % in the period. The incidence of recurrent vivax malaria also decreased over the study period, from 3.9 % in 2008 to 0.7 % in 2010. Among P. falciparum patients, 11.1 % developed more than one episode. Figure 4 shows the decreasing patterns of malaria incidence per species over the period. As transmission intensity decreased, the proportion of febrile cases dropped considerably. In the beginning of the study, more than 70 % of febrile cases had positive slides, while in the end of the period, slide positivity rate was to less than 10 %.
Malaria cases predominated in the groups aged between 10 and 60 years-old. This profile was also observed also for P. vivax and P. falciparum malaria. A proportion of 8.5 % of the malaria cases were recorded from children under 5 years of age.
Spatial distribution shows that malaria cases were unevenly distributed in the study area, with higher incidences in the Panelão Community, in the major road and in three minor sideroads. In the Castanho Sítio Community, malaria cases were more sparsely distributed probably reflecting this area configuration (Fig. 5) . Temporally it was possible to observe changes in the "hotspots" locations, demonstrating the dynamic characteristic of transmission in the region.
Malaria control activities
Coverage of malaria control measures is presented in Fig. 6 . Window screening use increased from 8 % in T0 to 78 % of the houses in T24. In the beginning of the followup (T0), 188 (70 %) of the houses had been submitted to indoor residual spraying (IRS; cypermethrin) in the preceding 6 months. IRS coverage slightly increased in the period, from 54 % of the houses at T18 to 81 % at T6. A total of 378 (60 %) of the subjects referred using bed nets in the previous night. In the same way, use of bed net ranged from 27 % at T6 to 62 % at T12. However, insecticide-treated bed nets started to be used only at the third cross-sectional (T12). In general, patients searched for health care within <48 h of symptoms (80.2 %). Only 3 % of malaria cases were diagnosed after 7 days after symptoms had started. Percentage of cases diagnosed within 48 h of symptoms ranged from 81.5 % at T0 to 97.3 % at T24.
Incidence rate and hazard ratios for malaria
The risk of malaria infection was significantly higher in the dry season 
Risk factors for recurrent malaria episodes
Proportion of recurrent malaria episodes by P. vivax within 90 days of a previous episode was 189/642 (29.44 %) (Fig. 7) . Recurrences were observed mostly between the 28 and 365 days after the first vivax malaria episode (81.3 %), and particularly in the 121-365 days time-interval (32.2 %). Early recurrences (until 27 days) were observed in 7.6 %. Late recurrences (≥365 days) were observed in 11.1 %.
A (Table 4) . Kaplan-Meier estimates confirmed a higher risk of recurrences after a history of P. vivax, mixed P. vivax + P. falciparum and P. falciparum infections (Fig. 8) . Risk of P. vivax recurrence was not associated to to bed net use (Additional file 2: Figure S2 ).
Discussion
This study was able to comprehensively characterize the epidemiology of malaria in an area coendemic for P. falciparum and P. vivax, and in a context of a marked decrease incidence between the beginning and the end of study activities. This confirms P. vivax as a more resilient species, with the virtual disappearance of P. falciparum, a reducing proportion of malaria-attributed fever and an increasing clustering of malaria episodes with reduced incidence. While P. falciparum and P. vivax responded each for around 50 % of cases in Brazil in 1988 this situation started changing in the 1990s, leading to the current situation in which P. vivax has become the predominant species in recent years (only 16.3 % of cases being due to P. falciparum) [4, 5, 17] . This shift has been attributed to a number of factors, namely the expansion of the diagnosis and treatment network, making opportune treatment accessible even in remote areas of the Amazon as part of the universal health system; the use of integrated vector management strategies; and, importantly, the support from political leaders in periods of epidemics [5] . In Brazil, current methods for vector control are based primarily on the use of long-lasting insecticide-treated nets (ITN) and indoor residual spraying (IRS), but there is no specific and systematic evaluation on the impact that these measures have on suppressing anopheline populations and reducing levels of malaria parasite transmission in recent agrarian reform projects in the Amazon [14] . In this study, use of ITN but not IRS was associated to malaria protection, higher for P. falciparum (~50 %) when comparing to P. vivax (~30 %). Plasmodium vivax biological features may have contributed to lower vector control effectiveness in this group. Additionally, among anopheline collections in these communities, there was a predominance of mosquitoes in the peri-domiciliary environment [14] .
Opportune diagnosis and treatment, especially if provided within 48 h of symptoms onset, is thought to have a relatively higher impact on P. falciparum transmission, as gametocytes for this species are usually not detected at patent levels before 5 days of the onset of symptoms, as compared to P. vivax, for which it occurs much earlier [18, 19] . In this study, most patients were diagnosed within three days since the beginning of symptoms (94.3 %), demonstrating a sensitive and effective case detection system, which is likely to have played an important part on the striking reduction of cases observed in the period. After malaria diagnosis, treatment was immediately prescribed and given free of charge for all patients following the recommendations of the Brazilian Fig. 5 Spatial and temporal variation of malaria incidence in the study area official guidelines, including systematically a course of primaquine 0.5 mg/kg/day for 7 days for vivax malaria [12] . Unfortunately, treatment was not supervised, but patients were followed by an active surveillance of febrile cases, further suggesting a good compliance. Timely diagnosis and treatment, in parallel with and increase in the coverage of malaria vector control measures are suggested to be responsable by the successful reduction in malaria incidence.
Besides the later gametocytemia, hypnozoites responsible for the occurrence of relapses are also believed to be an important specific feature of P. vivax that contributes to this species burden and less notable responsiveness to the usual control measures [18] . This is more difficult to measure as recurring episodes can arise from new infections, recrudescence or relapses and there are no tools that can reliably discriminate between these conditions impairing more robust conclusions. In the lack of a design and tools specifically able to measure relapses, we have relied on the evaluation of recurrences to estimate the contribution of relapses to the burden of disease in the area. Although with marked variation, there was a trend towards greater contribution of recurring episodes to the total burden of P. vivax with reducing number of cases, which in some months accounted for up to 50 % of episodes, irrespective of bed net use and routine primaquine prescription. It has been shown through elegant investigations that relapses may account for up to 80 % of vivax malaria episodes in Papua New Guinea [20] , where primaquine is not routinely administered, a feature that was also observed in other places [21, 22] . Our results suggest a high likelihood of relapses contributing to the burden of disease and would be in overall accordance to the expected interval for its occurrence in the region [23] . Our analyses demonstrated that having experienced a P. vivax episode (mono or mixed-infection) implied a considerable higher risk of presenting a new P. vivax clinical episode. Interestingly, for the specific analyses of recurrence, bed net use was not associated with protection, what would be consistent with the suggestion of a significant proportion being caused by relapses.
Interestingly, individuals were significantly more likely to have recurrent P. vivax infection after a monoinfection due to P. falciparum, in agreement with previous 6 Operational measures for malaria control coverage in the study area over the period of study observations from Thailand [24] . The patients evaluated in Thailand and in our work did not receive hypnozoitocidal therapy for falciparum malaria and, if hypnozoites are present, relapse may occur [25] . One potential explanation for this phenomenon is that P. falciparum infection, especially in high density, is a proxy marker of malaria naivety and hence poor immunity to both P. falciparum and P. vivax infections. If this is true, relapses due to P. vivax hypnozoites acquired at or around the same time as the index P. falciparum infection would have a greater chance of reaching patency [24] . Historical records suggest that systemic parasitic and bacterial infections, but not viral infections, can activate P. vivax hypnozoites [26] .
In non-endemic areas in Brazil, inadequate primaquine dosing was found to be associated with P. vivax malaria relapses [8, 9] . Unfortunately, patients adherence to antimalarial treatment was not measured in the area nor performed specific pharmacological studies [27] , as well as pharmacogenetic mutations cannot be discarded, such as CYP2D6, altering primaquine metabolism [28] , factors that are well-known to alter the effectiveness of anti-relapse treatment. One hypothesis is that with a reduction of transmission intensity relapses may contribute to a relatively higher burden of disease, requiring the development of specifically-tailored strategies in similar scenarios.
In the cross-sectional evaluations, a low frequency of fever (22.7 % in T0 to 0 % at T12, T18 and T24) was observed among individuals with patent Plasmodium infection. In a different rural Amazon location, researchers have reported that conventional microscopy missed 54 % of Plasmodium carriers, indicating a large proportion of low-density infections in low transmission areas [29] . These findings suggest that apparently healthy carriers of patent parasitaemias are not detected by the routine health system activities and may have an important participation to the infectious reservoir contributing to maintain malaria transmission in this setting. Unfortunately, an important limitation of this study is not to test this population by PCR and the probable number of asymptomatic patients carrying Plasmodium in the area is likely to be considerably higher than the reported here. Positive microscopy in asymptomatic Plasmodium carriers was observed previously in the Brazilian Amazon [30] [31] [32] [33] .
One important finding of this study is that the reducing incidence of malaria was accompanied by a dramatic decrease on the overall incidence of acute fever episodes of 80 % from the first to the third year of follow-up. During the same period, the proportion of malaria-attributed fever also decreased considerably, from around 70 % during the high season in the first year of study to no higher than 20 % in the third year of follow-up. These findings have important implication for the local health system and transmission control activities. This figure surely reflects a high proportion of non-diagnosed fevers, and the ability of health systems to identify the causes of fever is important for both adequate individual case management and for health surveillance, as demonstrated in other areas [34] [35] [36] [37] [38] . This could be improved with the implementation of a broader and more comprehensive primary health care (PHC) in the region. Second, the reducing incidence of fever and clinical malaria episode [39, 40] . Ease of access to PHC has been already shown to be an important factor for reducing the burden of malaria [41] . Likewise, in a scenario of reduced funding, the issue of sustainability of malaria diagnosis and control activities is of main importance and may only be achieved with integration with other health care actions including a well-implemented syndromic surveillance of cases. An evaluation of what occurred in the area during the 3 years following the interruption of this study demonstrates that there was a resurgence of P. falciparum and an increase of the incidence of P. vivax (Additional file 1: Figure S1 ) and that this was accompanied by an increase on the proportion of individuals being diagnosed with malaria with more than 48 h of symptoms onset (from 6 % in 2010 to 45 % in 2013), what demonstrates the instability and vulnerability of malaria control in the current scenario. After the study was finished, the staff of the malaria diagnosis unit decreased, likely contributing for a less effective active search of malaria cases and spraying and IRS activities. How to best adapt and integrate malaria-specific and other conditions health care and control activities is still a major challenge and an area for investigation.
Conclusions
Data presented here represent an important contribution to the knowledge of the epidemiology of malaria transmission and vector control in agricultural settlements in the Amazon and could be useful to assist on the development and implementation of strategies to control and eliminate this infection in the region. Eliminating P. vivax is more challenging than tackling P. falciparum, and may require specific tools and strategies for its containment, especially regarding the prevention of relapses [18, 42] . A trend of recurring malaria episodes was observed, likely to derive from relapses, to increase its relative contribution to the burden of disease. Relapsing P. vivax phenotypes may be more widespread and more prevalent in the Amazon than currently thought. This is an issue that remains to be more adequately investigated using enhanced approaches that would comprise pragmatic intervention trials and molecular methods [20] , still to be adequately applied in the region. The Brazilian NMCP has launched a plan for elimination for P. falciparum in late 2015. Whether focusing on this species is a more appropriate strategy than attempting to eliminate overall malaria is yet to be determined. In order to achieve a rapid and sustained elimination of malaria transmission in the region, health systems and control strategies will be required to adapt to changing epidemiological scenarios through integrated and innovative approaches for which design scientists, health authorities and communities will have to be working together towards its achievement.
